This study provides the theoretical basis for the use of wavelet packet transform (WPT) approach for root mean square (rms) and power/energy measurements. The proposed approach can simultaneously measure the distribution of the rms and power with respect to individual frequency bands directly from the wavelet transform coefficients (WTCs) associated with concurrent voltage current pair. Their dependent quantities such as power factor and total harmonic band distortion can be calculated as well. Uniform frequency bands are yielded from the WPT decomposition process of power system waveforms and can be used for identifi cation of harmonic components. The frequency bands also retain both the time and frequency relationship of the original waveforms, which is one of the major benefits provided by this approach. The approach is evaluated by its application to both analytical and actual power system waveforms.
Introduction
The traditional methods for rms of voltage and current, and power/energy measurements in electric power system have been performed in both the time domain and in the frequency domain using the well-known Fourier transform approach. The time domain ap proach is the most accurate and efficient when total rms and total power as well as power factor are con cerned. The frequency domain approach permits to measure the rms of individual frequency components and, hence, it allows to provide the rms of individual bands and the determination of harmonic distortion, but it suffers from the requirement of stationary wave form conditions, where the load waveforms are always dynamic in nature, and the loss of temporal insight (1).
Wavelet has proven a powerful signal processing tool for transient analysis of power system waveforms(2)(3) However, there has not been much work on applying wavelet transform to rms and power/energy measure ments. The wavelet analysis for rms and power mea surements using the conventional discrete wavelet transform (DWT) approach has first been introduced in the literature (4) . The advantage of using the wavelet transform is that it preserves both the time and frequency re lationship associated with the resulting rms and power values. However, the DWT technique is not suitable for harmonic analysis, because the resulted frequency bands do not have the same width and the results do not give easy insight in the time behavior of the harmon ics(5). For instance, at a lower level of decomposition the band becomes wider and covers more harmonic com ponents than the band at higher level. Consequently, the resulted rms and power with respect to individual where i is the node or band number, j is the decompo sition level, and h(n) and g(n)= (-1)1-nh(1-n) are a pair of quadrature mirror filters (QMFs). The wavelet transform coefficients (WTCs) of a given function f(t) at the jth level and kth point are computed via the following recursion relations:
Since the wavelet basis in (1) and (2) 
Decomposition
Wavelet packet decomposi tion is depicted in Fig. 1 . Let the original waveform has 2N sampling points. The WTC at the jth level, kth point and 2ith node is _??_(k), where j=0,1,..., N and i = 0, 1, ..., 2j-1-1. This WTC is obtained by convolv ing the sequence _??_(k) with low-pass filter h(n), and then downsampling by a factor of two. Similarly, the WTC at (2i+1)th node, that is _??_(k), is obtained by convolving the sequence _??_(k) with high-pass filter g(n) and downsampling by a factor of two. Number of nodes or bands at jth level is 2j, and the node at level 0 is the original waveform.
The time resolution of _??_(k) (or _??_(k)) is half that of _??_(k) (or _??_(k)), due to the downsampling. As a result, if _??_(k) (or _??_(k)) has 2N-j+1 points (k=0, 1, ..., 2N-j+1-1) for the entire observation pe riod, then _??_(k) (or _??_(k)) will have 2N-j points (k=0, 1,..., 2N-j-1) for the same observation period. Every band at jth level has 2N-j points or WTCs.
The implementation of signal reconstruction is fairly straightforward. The waveform reconstruction of each band can be performed using the resulted WTCs from the decomposition process, and the procedure has a re versal process which includes upsampling by a factor of two and filtering as seen in Fig. 1 . Mathematically, the reconstructed waveform coefficients of each band can be written as
Wavelet Filter
The selection of which wavelet to use for the measurement is not an easy task. Therefore, instead of creating algorithms to select ap propriate wavelets (which surely adds complexity to the main problem), we utilize one type of wavelet in the whole course of measurements for all voltage current pair waveforms. Since accurate measurements are con cerned, the filters which have good frequency separation between low-pass and high-pass spectrum are generally required (4). The Vaidyanathan filter with 24 coefficients is used in the analysis because the frequency responds of this filter has good frequency separation between lowpass and high-pass spectrum (8). Figure 2 shows the wavelet functions computed with the Vaidyanathan fil ter, and Fig. 3 shows the frequency responses of the as sociated QMFs and 3scale wavelet filters, respectively. In addition to the rms and power mea surements, it is also possible to calculate the power fac tor and total harmonic band distortion (THBD) from their WTCs. It is noted that wavelet packet trans form can not extract any single frequency component. Rather, the transform brings a frequency band around the frequency of interest. The word 'band' in the THBD refers to this issue. The power factor is defined as the ratio of the active power to the apparent power. It can be calculated using (12), (14), and (17) 
Evaluation and Results
In order to evaluate the accuracy of rms and power measurements of the proposed approach, two examples will be analyzed. The first one is software generated waveforms and the last one is actual power system wave forms. In both examples, each voltage or current wave form has eight 60 Hz fundamental cycles with the sam pling frequency used is 7680 Hz or 128 points per 60 Hz cycle. This means that the original waveform has a length of 1024 (N=10) points during the observation period T=8/60 s. Both original waveforms are first decomposed as described in section 2. Only the WTCs at level j=5 are used to calculate rms and power be cause each frequency band at level 5 completely covers a respective odd harmonic component. Figure 4 illus trates the wavelet packet decomposition up to 5th level together with the frequency ranges of each band and the odd harmonic components included in each band. Level 5 has 25=32 bands (or nodes) and each band has 210-5=32 WTCs. Further, the original waveform has a bandwidth of 3840 Hz (Nyquist frequency), and each band has a bandwidth of 3840/32 = 120 Hz.
4.1 Simulated Voltage and Current These voltage and current waveforms are periodic under steady state condition as shown in Fig. 5 . The waveforms contain first, third, fifth, seventh, ninth, eleventh, Five-level wavelet packet decomposition scheme.
Each tree represents the signal decompo sition as depicted in Fig. 1 . The frequency ranges of each band and the odd harmonic components included in each band are also given.
and thirteenth harmonics (odd integer harmonics), as follows (the unit of phases is in degree for simplicity): As explained earlier, both voltage and current waveforms are decomposed up to 5th level. Figure 6 shows the WTCs of voltage, current, and power at the selected bands. The WTCs of each band can be used to recon struct the harmonic waveforms of each band using (6) and (7), and the result is shown in Fig. 7 . Figure 7 demonstrates the time and frequency relationship, and it can be recognized that harmonics of both voltage and current as well as the power are stationary. Node 0 in cludes the fundamental frequency component, and the other nodes include the higher frequency components. The rms values of voltage and current of each band are computed from their WTCs at each band using (12) and (14), respectively. The square root of the sum of rms values in all bands yields the total rms value of voltage or current (see Eqs. (12) and (14)). The WTCs of Table 1 . Comparison between true and WPT for simulated data (rounded to 4 digits after comma). Table 2 .
Power factor and THDB for simulated data.
power are the products of the voltage and current WTC pairs registered at the same band and time, as written in (15). The power can be calculated using (17), and the energy is the power multiplied by the observation period T. Table 1 shows the true values and the re sults using the WPT approach with the associated node numbers, frequency bands, and odd harmonics which are included in these frequency bands. Here, the true values are derived analytically (or directly) from the simulation equations above. This table shows that the rms and power values of each band of the proposed ap proach closely match the true values. The results of total rms and total power is the same in all cases and no errors under the precision cited. This gives evidence that the rms and power calculations using the WPT ap proach, as written in (12), (14), and (17), are correct. The errors indicate the difference between the true val ues (which include total voltage rms, total current rms, and total power) and those obtained from the WPT approach. However, small leakage occurs to the cal culation results in some frequency bands. These errors are due to non-ideal filter characteristics, since the filter pair has overlap spectral as seen in Fig. 3 (1) (4). Table 2 shows the power factor and THBD of voltage and cur rent. This table shows that the WPT results closely match the true values or analytical results. 4.2 Analysis of Actual Waveform Data  Fig  ure 8 shows the voltage and current waveforms from the power supply (100 V) which is supplying several personal computers and other electronic devices in our laboratory.
The bottom panel in this figure is the power waveform, that is the product of the v(t) and i(t) pair, from which the total average power in time domain can be computed. Figure 9 shows the WTCs of voltage, current, and power at the first nine bands of interest. Figure 10 depicts the harmonic waveforms of each band. These waveforms are obtained from the reconstruction of WTCs in Fig. 9 . The figure demonstrates the time and frequency relationship, and it can be recognized that harmonics of both voltage and current as well as the power are stationary. The rest of bands have very small or zero WTC amplitudes. This figure demonstrates the wavelet property of timefrequency localization. The Table 3 . Comparison between FFT and WPT for actual data (rounded to 3 digits after comma). The unit of voltage, current, and power is respectively volt, ampere, and watt. 
Conclusions
The WPT approach for rms and power/energy mea surements has been proposed and its capability has been demonstrated. The evaluation was performed on two data: analytical and actual voltage current pair waveforms. Analytical data were used in the evaluation so the rms and power values of each frequency band and also the total rms and total power values could be compared with those obtained from analytical calculation. Actual power system data were used to evaluate the feasibility of this approach in the real condition, and the measurement results were compared with those ob tained from the traditional frequency domain (FFT) method. The results of this WPT approach can be sum marized as follows:
• The rrns and power values of each frequency band derived from concurrent voltage and current data can be measured accurately under the precision cited. In the case of using simulated data, the re sults closely match to the analytical calculation re sults (or true values). The small differences in each band between the results of the WPT approach and true values are attributable to the non-ideal char acteristics of the filter. In the case of using actual data, the results are closely match to the FFT cal culation results.
